We fabricated semiconducting free-standing-beam and Hall-bar structures with a high slenderness ratio, a minimum thickness of 50 nm, and a typical length of several tens of microns using InAs membranes processed from InAs/GaAs heterostructures. These structures showed clear electric conductivity without any intentional doping. We obtained the carrier concentration and mobility by means of standard Hall measurements, thus confirming that both parameters were much larger than those of as-grown heterostructure samples. These results indicate that this material system is promising for micro/nanoelectromechanical system applications.
1
Previous studies have used Si/SiO 2 on SOI substrates, [1] [2] [3] [4] 6 silicon nitride, 11 GaAs, 8 GaAs/Al͑Ga͒As, 5, 6, 9 and InAs/AlSb ͑Ref. 9͒ heterostructures grown on ͑001͒ substrates to fabricate free-standing membranes. In this letter, we propose the use of a membrane fabricated from a semiconducting InAs thin film grown on a ͑111͒ surface plane, which has the following advantages as regards application. One is that, compared with metal and single-element semiconductors, compound semiconductors exhibit large piezoelectric effects in response to the elastic strain along the ͑111͒ axis, and this can be used for the highly sensitive electrical detection of mechanical motion. 5 The other is that the position of the surface Fermi level of InAs is pinned in the conduction band, 12 in contrast to other semiconducting materials where the level is pinned in the band gap. This unique property of InAs provides the possibility of fabricating much thinner conductive membranes than possible with other semiconductors, where the surface Fermi-level pinning in the band gap causes a problem of carrier depletion for thin membranes. Preliminary experimental studies and a selfconsistent model calculation have shown that the InAs thickness can be reduced to even less than 10 nm with sufficient electric conduction without any intentional doping. 13 This advantage, in terms of device size reduction, can lead to an increase in operation frequency.
We used heterostructures consisting of a conductive InAs layer and an adjacent insulating layer that we selectively removed by etching, to fabricate the free-standing InAs membranes. One promising candidate for the insulating material is Al͑Ga͒Sb, whose lattice constant is very close to that of InAs. However, the electrical insulation is insufficient, especially at room temperature.
14 In addition, GaAs is usually used as the substrate material and a thick buffer AlSb layer must be grown to obtain high-quality InAs/Al͑Ga͒Sb heterostructures. 15 We instead used molecular-beam-epitaxy ͑MBE͒ -grown InAs/GaAs heterostructures on (111)A GaAs substrates. Although the lattice mismatch is as high as 7%, atomically flat InAs thin films can be grown with a (111)A surface orientation that does not suffer from StranskiKrastanov growth. 16 In addition, undoped GaAs ͑or ideally AlGaAs͒ should be used because of its excellent insulation properties, as demonstrated by metal-semiconductor fieldeffect transistor applications. By employing alkaline wet etching, which selectively removes the GaAs from InAs/ GaAs heterostructures, we have fabricated InAs freestanding beams ͑FSB͒ and free-standing Hall bars ͑FSHB͒ with a minimum thickness of 50 nm and then used Hall measurements to study their fundamental electric properties.
We grew the samples using conventional solid-source MBE. We have already described the growth procedure in detail elsewhere. 16 Despite the large lattice mismatch of about 7% between InAs and GaAs, uniform InAs films can be grown on GaAs (111)A surfaces because more than 90% of the misfit strain is released by the formation of a dislocation network at the InAs/GaAs interface. 17 We grew undoped InAs films with thicknesses of 50 and 100 nm on semiinsulating GaAs (111) We measured the thickness of the fabricated InAs membranes using scanning electron microscopy ͑SEM͒ observation and found that the InAs was etched by less than 10 nm and the selectivity sufficiently high. Figure 2 shows SEM photographs of fabricated FSB and FSHB with an InAs thickness of 100 nm. The FSB is 12 m wide and 70 m long. The FSHB is 10 m wide and the distance between the centers of the two voltage probes is 30 m. It is clearly seen in Fig. 2 that both structures are deflected downward due to the residual strain in the InAs film. We compared the vertical displacement due to the deflection of the FSB quantitatively with a prediction obtained using classical elasticity theory, where the displacement is given by the cosine function of the distance from the support along the beam, and with a value of ϳ2I 0 ͱ␦/ at the beam center, the distance between two supports I 0 , and the residual compressive strain in the InAs films ␦. The measurement for our 100-nm-thick FSB gave a beam center displacement of 5 m, corresponding to a strain ␦ϭ0.4%. This roughly agrees with the reported residual strain in InAs film of about 0.7%. 17 We also successfully fabricated a 50-nm-thick FSB and FSHB, but the deflection shape was not ideal. Some membranes were deflected mainly in the vicinity of the supports and some were deflected in the orthogonal direction. Mechanical damage induced during the lithographic processes might be responsible for the former phenomenon. The latter is not due to the residual strain but is perhaps caused by the surface strain difference between the front and the back surfaces. We must optimize the device dimensions if we wish to fabricate more ideally shaped free-standing beams.
All the samples showed n-type conductivity without intentional doping as found with the as-grown heterostructures samples. This is because the surface ͑interface͒ Fermi level is pinned in the conduction band and electrons are accumulated in the near-surface ͑interface͒ regions.
12,13 Figure 3 shows the temperature dependence of the sheet-carrier concentration for the fabricated FSHB. For all the samples, the carrier concentration was slightly temperature dependent. The concentration for as-grown heterostructure Hall bars ͑HSHBs͒ with the same InAs thickness is shown in Fig. 3 for comparison. We observed a large, almost twofold, concentration enhancement for FSHB as compared with HSHB. This can be explained by the strain relaxation that occurs through deflection for the free-standing structures. In the as-grown heterostructure samples, the InAs film is laterally compressed by about 0.7%, as mentioned above, and this strain increases the band gap. This, in turn, causes the position of the surface Fermi level to turn downward relative to the bottom of the conduction band, and this reduces the carrier concentration. With free-standing membranes, the strain is relaxed by the deflection, which results in the recovery of the bulk band gap and an increase in the carrier concentration. Figure 4 shows the temperature dependence of electron mobility measured for the same samples. All samples again showed slight temperature dependence, suggesting that mo- bility is mainly limited by the scattering induced by the impurities/defects and the roughness at the surface or interface. It should be noted that the mobility is also strongly improved with the FSHB, especially for the 50 nm samples with an approximately threefold increase. There are two possible origins for this mobility enhancement. One is that the increased electron concentration screens the scattering potentials. The other is that the misfit dislocations, which are located at the InAs/GaAs interface 12 and act as electron scattering centers, were removed when we etched the GaAs underlayer. The electron mobility of the more ideal InAs two-dimensional electron system is reported to be more than 25 000 cm 2 /V s at room temperature. 14 We assume that the residual impurities/defects and/or rough interfaces between the surface oxide layer and InAs in our devices cause scattered roughness to some extent even after the removal of the dislocation network.
Sub-micron-scale FSBs have been recently proposed for application as high-frequency resonators. [1] [2] [3] It is necessary to reduce the device size in order to increase the resonant frequency without degradation in the quality factor. In our structures, however, the beam is deflected by the residual strain in InAs, and so we expect the resonance frequency to increase. The beam length l is approximately given by l ϭl 0 (1ϩ 2 y 2 /4l 0 2 ), where l 0 is the distance between two supports and y is the displacement due to the deflection at the beam center. The change in the length, dl, when the deflection is increased by dy, is, therefore, given by dl ϭ 2 ydy/2l, which vanishes at yϭ0. This situation corresponds to flat beams without deflection and the spring constant is determined solely by the response to the deflection. In our deflected beams, y is finite leading to nonzero dl, so vertical displacement requires the compression or expansion of the beam along it. This additional effect is expected to increase the spring constant greatly, possibly resulting in a high resonant frequency. The use of MBE for film fabrication makes it possible to control the residual strain in FSB. This may allow us to control the resonant frequency without changing the device size. We must now investigate the mechanical properties of free-standing InAs membranes.
In conclusion, we have fabricated semiconducting freestanding beam and Hall bar structures from InAs/GaAs heterostructures grown on (111)A substrates. The structures showed clear electric conduction without any intentional doping because of native electron accumulation in the nearsurface regions. Hall measurements confirmed a more than twofold improvement in both the carrier concentration and mobility in comparison with as-grown heterostructures. The relaxation of residual strain and removal of the dislocation network induced by the formation of free-standing structures can be responsible for the improvement.
